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By the measurement  of the  current Is we evaluate the work done by the 
oscillator and the stored energy (mean value and fluctuations). We measure:
● U(t) = energy stored in the oscillator 
● Wτ  =  work done by the oscillator on the feedback, averaged over τ 
And find:
● Qτ  = heat absorbed from the thermal bath, averaged over a time τ
by the conservation of energy:
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We applied the technique on the 
Gravitational Wave detector 
AURIGA (INFN):
3-ton resonant bar cooled to 
T0=4.6 K and very well isolated.
We measure the noisy position of an oscillator and feed back a force 
proportional to its velocity, equivalent to an additional damping. 
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At increasing feedback gain, 
the 3 modes of the detector 
reduce their vibration amplitude.
The equivalent temperature of 
the vibration was reduced down 
to Teff=0.17 mK, while bath is 
at T0=4.6 K 
Thermodynamic analysis of the feedback cooling experiment:
 with feedback off, the thermal driving forces the motion of the 
oscillator. This energy is given back to the bath by the intrinsic damping R.
 with feedback on, part of the energy is extracted as work done on the 
feedback (additional “damping” Rd).
 
In this Maxwell demon's scheme a flow of heat is 
continuously transformed in work. Then the 
fluctuations of the heat flow rates are asymmetric: 
positive events are more probable.
The electromechanical resonator is a stochastically driven Langevin system.
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Selected as one of the “Top ten 
physics stories of the year 2008”
by the American Institute of Physics 
and the American Physical Society. 
With the feedback we can 
change the equivalent elastic 
forcing term attracting the 
“particle” toward the origin.   
Feedback:
FDT:
We model our system as an 
electromechanical oscillator:
R-L-C are given by electrical and 
mechanical parameters of the system.
The current measured at the output of 
the amplifier is proportional to the 
position of oscillator
Standard experimental scheme, does not
improve sensitivity to  Fsig. Used since 
50's, is now proposed to reduce the 
thermal vibration noise and allow the 
observation of quantum effects in an 
oscillator.
with:
Stochastic dynamic equations:
feedback cooling concerns only 1 
modes, and is not expected to affect 
the thermal noise due to the bath.
phase delay: td= π/(2ωr)
NB: memory effect
The resulting Langevin equation does not satisfies the Einstein relation: 
- ON AVERAGE - 
in the presence of feedback 
(Rd>0) we observe a net heat 
transfer from thermal bath to 
oscillator
here additional damping calms down the oscillator 
BUT 
the thermal driving force remains the same 
If we define an effective temperature:
The information that the system is out of equilibrium must be obtained by an 
independent measurement of the thermodynamic temperature of the bath
Fluctuations of the thermodinamic quantitiesF
Uτ is symmetric with respect to 
zero, as for an equilibrium 
oscillator. It has exponential 
tails which decay faster for 
longer ττ .
Uτ = [U(t+τ)-U(t)]/τ
Wτ is asymmetric with respect to 
zero, as work is continuously done 
on the feedbacko .
Average value is 0.84 kBTeff/s
Qτ takes negative values only for 
short integration times T<Teff.
Average value is 0.84 kBTeff/s.
The characteristic time scale given by the cold-damped oscillator decay time ττ eff=2.3 s
- FLUCTUATIONS -  
for short integration times, heat 
flows in both directions
PRL 103, 010601 (2009) 
High quality resonators can be described by two independent Ornstein-
Uhlenbeck processes (amplitude and phase).
 
Future developments
- R is the intrinsic damping 
related to Vn 
- Rd is the additional damping 
settled by the feedback
This system could be used to study the response 
of a “Brownian particle” under specific protocols, 
and the interplay between information and entropy 
in a controlled system.  
Very low values of the intrinsic dissipation R of 
the resonator are needed to guarantee high values 
of Q when the feedback cooling is applied. In our 
typical experimental system the intrinsic quality 
factor is about 106, reducing to some 103 with the 
feedback.
 
the system is as in equilibrium at Teff:
 
